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QCD and the strong nuclear force

Quark distributions in the nucleon

valence quarks at large x

Outline

Electron-nucleon scattering                                                    

nuclear effects on quark structure
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Building Blocks of the Universe

• Each quark

comes in 3

“colours”:

red, green

and blue.

• Leptons do

not carry

color charge.

        These are the building blocks of matter!
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Building Blocks of the Universe

• Each quark

comes in 3

“colours”:

red, green

and blue.

• Leptons do

not carry

color charge.

        These are the building blocks of matter!

most of visible 
matter made up

of these
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Force Carriers of the Universe

• The massless photon mediates the long-range e.m. interactions.

• Gluons carry color and mediate the strong interaction.

• The very massive W-, W+, and Z0 bosons mediate the

 weak interaction
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Force Carriers of the Universe

• The massless photon mediates the long-range e.m. interactions.

• Gluons carry color and mediate the strong interaction.

• The very massive W-, W+, and Z0 bosons mediate the

 weak interaction

most of
hadron mass
due to these
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Quantum Chromodynamics (QCD)

• Photons do not carry electric

charge.

• Gluons do carry colour

charge!

• Gluons can directly interact

with other gluons!

• This is new!

A red quark

emitting a

red-anti-blue

gluon to leave a

blue quark.

Quark-quark force grows WEAKER as quarks come close

               ´ “Asymptotic Freedom”
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Pentaquark Summary

•  Existence or otherwise is a CRUCIAL question in

 strong interaction physics

•  Wilczek, Jaffe: That we cannot say whether such

   such exotica exist or not shows HOW LITTLE WE

   UNDERSTAND NON-PERTURBATIVE QCD

•  Jefferson Lab

  is the ideal

  facility to

  definitively

  answer this

  question!
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Pentaquark Summary

•  Existence or otherwise is a CRUCIAL question in

 strong interaction physics

•  Wilczek, Jaffe: That we cannot say whether such

   such exotica exist or not shows HOW LITTLE WE

   UNDERSTAND NON-PERTURBATIVE QCD

•  Jefferson Lab

  is the ideal

  facility to

  definitively

  answer this
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2004 Nobel Prize for discovery
of asymptotic freedom (1973)
(Gross, Politzer, Wilczek)

calculate observables using perturbation theory
as power series in small expansion parameter αs
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Pentaquark Summary

•  Existence or otherwise is a CRUCIAL question in

 strong interaction physics

•  Wilczek, Jaffe: That we cannot say whether such

   such exotica exist or not shows HOW LITTLE WE

   UNDERSTAND NON-PERTURBATIVE QCD

•  Jefferson Lab

  is the ideal

  facility to

  definitively

  answer this

  question!

BUT - only part of the story...
at low energy        confinement !

so cannot use perturbative expansionαs ∼ 1

here QCD said to be “nonperturbative”
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QCD: Unsolved in  Nonperturbative Regime

• 2004 Nobel Prize awarded for

       “asymptotic freedom”

• BUT in nonperturbative regime QCD is still unsolved

• One of the top 10 challenges for physics!

• Is it right/complete?

• Do glueballs, exotics and other apparent predictions 

   of QCD in this regime agree with experiment?

   JLab at 12 GeV is uniquely positioned to answer!

The Nobel Prize in Physics

2004

Gross, Politzer, Wilczek

central to answering these questions is the need
to understand how quarks form hadrons



Looking for quarks in the nucleon 
is like looking for the Mafia in Sicily -

everybody knows they’re there,
but it’s hard to find the evidence!

Anonymous
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Electron scattering
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Electron Scattering Provides an Ideal
Microscope for Nuclear Physics

221241ˆ iiqxeSu(k)u(k)fJ(x)dxqfiÙeµµ!"#=$

• Electrons are point-like

• The interaction (QED) is well-known

• The interaction is weak

• Vary q to map out Fourier Transforms

of charge and current densities:
     ! " 2#/q      (1 fm $ 1 GeV/c)

224-Momentum TransferQq=!=

  CEBAF’s e and CW beams dramatically enhance
    the power of electron scattering

Operated by the Southeastern Universities Research Association for the U.S. Department of  Energy

 Thomas Jefferson National Accelerator Facility Page 8

Electron Scattering Provides an Ideal
Microscope for Nuclear Physics

221241ˆ iiqxeSu(k)u(k)fJ(x)dxqfiÙeµµ!"#=$

• Electrons are point-like

• The interaction (QED) is well-known

• The interaction is weak

• Vary q to map out Fourier Transforms

of charge and current densities:
     ! " 2#/q      (1 fm $ 1 GeV/c)

224-Momentum TransferQq=!=

  CEBAF’s e and CW beams dramatically enhance
    the power of electron scattering

Operated by the Southeastern Universities Research Association for the U.S. Department of  Energy

 Thomas Jefferson National Accelerator Facility Page 8

Electron Scattering Provides an Ideal
Microscope for Nuclear Physics

221241ˆ iiqxeSu(k)u(k)fJ(x)dxqfiÙeµµ!"#=$

• Electrons are point-like

• The interaction (QED) is well-known

• The interaction is weak

• Vary q to map out Fourier Transforms

of charge and current densities:
     ! " 2#/q      (1 fm $ 1 GeV/c)

224-Momentum TransferQq=!=

  CEBAF’s e and CW beams dramatically enhance
    the power of electron scattering

N

e
e
′

X

γ
∗



Electron scattering
(at Jefferson Lab)



Thomas Jefferson National Accelerator Facility
(Jefferson Lab)

located in Newport News, Virginia



Thomas Jefferson National Accelerator Facility
(Jefferson Lab)

located in Newport News, Virginia

“discovery”
of America,
Jamestown

(1607)



Thomas Jefferson National Accelerator Facility
(Jefferson Lab)

located in Newport News, Virginia

“discovery”
of America,
Jamestown

(1607)

first naval battle
with metal ships
(Civil War, 1865)



Newport News, Virginia



Hall A
Hall B Hall C

electron linacs

Thomas Jefferson National Accelerator Facility
(Jefferson Lab)



Hall A
Hall B Hall C

electron linacs

Thomas Jefferson National Accelerator Facility
(Jefferson Lab)

my office



Experimental Halls

Hall A

Hall C

Hall B

Hall D



Experimental Halls

Hall A

Hall C

high luminosity

very high precision
measurements

high Q   form factors,
parity-violating e scattering,
precision structure functions

2

> 10
38

cm
−2

s
−1



Experimental Halls

Hall B

large acceptance
lower luminosity
∼ 10

35
cm

−2
s
−1

collect all data “at once”

N   spectroscopy
(multi-hadron final states),
deep exclusive reactions
(generalized parton distributions)

*

CLAS
(CEBAF Large Acceptance Spectrometer)



Experimental Halls

Hall D

new Hall to be constructed
as part of 12 GeV Upgrade

photon beam

exotic meson spectroscopy
(qqg states)

acceptance4π

_
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heavyheavy
nucleinucleifewfew

bodybody

quarksquarks
gluonsgluons

vacuumvacuum

JLab Central to all of Nuclear Science 

Nature of Confinement
…n-stars

Precise 

few-nucleon 

calculations

Correlations
n-radii: N ! Z

Hypernuclei

Hadrons in- medium

Effective NN (+ HN) force

Quark-Gluon Structure

Of Nucleons and Nuclei

Exotic mesons

and baryons



Electron scattering
(theory)



Electron scattering

N

e

e
′

X

γ
∗

one-photon exchange approximation

most likely event
at high energy

X

NN

*!*!



X

NN

*!*!
d2σ

dΩdE′
=

4α2E′2 cos2 θ

2

Q4

(

2 tan2
θ

2

F1

M
+

F2

ν

)

“structure functions”F1 , F2

contain all information about structure of nucleon

functions of             in generalx, Q2

Electron scattering

ν = E − E
′

x =
Q2

2Mν} “Bjorken scaling variable”
Q2

= !q 2
− ν2

= 4EE′
sin

2
θ

2

N

e

e
′

X

γ
∗



Parton model

scatter from individual quarks (“partons”) in hadron

(τ = 2)
(a) (b) (c)

τ = 2

single quark
scattering

τ > 2

qq and qg
correlations

Higher twists

(a) (b) (c)

τ = 2

single quark
scattering

τ > 2

qq and qg
correlations

Higher twists

F2(x, Q2) = x
∑

q

e2

q
q(x, Q2) (q=u,d,s...)



Parton model

scatter from individual quarks (“partons”) in hadron

q(x,Q  ) = probability to find quark type “q” in nucleon,
carrying (light-cone) momentum fraction x

2

x =
p
+
q

p
+
N

=
p
0
q + p

z
q

p0
N + pz

N

(τ = 2)
(a) (b) (c)

τ = 2

single quark
scattering

τ > 2

qq and qg
correlations

Higher twists

(a) (b) (c)

τ = 2

single quark
scattering
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qq and qg
correlations

Higher twists

F2(x, Q2) = x
∑

q

e2

q
q(x, Q2) (q=u,d,s...)



Parton model

scatter from individual quarks (“partons”) in hadron

Q   dependence given by (perturbatively calculable) 
QCD evolution equations  (     log Q   behavior)

2

2

(τ = 2)
(a) (b) (c)

τ = 2

single quark
scattering

τ > 2

qq and qg
correlations

Higher twists

(a) (b) (c)

τ = 2

single quark
scattering

τ > 2

qq and qg
correlations

Higher twists

gluon radiation

F2(x, Q2) = x
∑

q

e2

q
q(x, Q2) (q=u,d,s...)

F2 ≈ 2x F1at large Q  , “Callan-Gross relation”2



N = 229. A closer inspection of Fig. 3 does not suggest any systematic disagreement. To assess

the significance of this 2σ effect, we examine in detail the systematic shifts obtained in the fit in

Appendix B.3. We find that they are all quite reasonable, thus giving us confidence that the fit is

indeed of good quality.

The new PDF’s also fit the older fixed-target DIS experiments well—similar to previous

global analyses. Figure 4 shows the comparison to the fixed-target neutral current experiments

BCDMS and NMC. Because we are incorporating the fully correlated systematic errors, the data

sets used for these experiments are those obtained at each measured incoming energy, rather than

the “combined” data sets that are usually shown. This more detailed and quantitative comparison

is important when we try to evaluate the statistical significance of the fits in our uncertainty analysis

(cf. Appendix B).

Fig. 4 : Comparison of the CTEQ6M fit with the BCDMS [19] and NMC [21] data on µp DIS.

Same format as Fig. 2. (The offset for the kth Q value in (b) is 0.2k.)

The χ2 per data point for these data sets are 1.11 (378/339) for BCDMS and 1.52 (305/201) for

NMC. The fit to the BCDMS data is clearly excellent, both by inspection of Fig. 4a and by the

normal χ2 test. For the NMC data, Fig. 4b shows rather good overall agreement, but with some

notable large fluctuations away from the smooth theory curves. The most noticeable fluctuations—

points with almost the same (x,Q) values—are from data sets taken at different incoming energies.5

This is reflected in the χ2 value which is quite a bit larger than expected for a normal probability

distribution. This raises two issues: (i) Is the fit acceptable or unacceptable? (ii) Can the fit be
5These fluctuations are smoothed out by re-binning and other measures in the combined data set [21], which is

not used here.

10

Lai et al., Eur. Phys. J. C12 (2000) 375

Structure function data



Nucleon polarized along z-axis

Spin dependent scattering

d2σ

dΩdE′ (↑⇑ − ↓⇑) =
4α2E′

MνEQ2

[
(E + E′ cos θ) g1 − 2Mx g2

]

e N spin-dependent
structure functions

Usually measure polarization asymmetry A1 =
g1

F1

electron spin parallel or anti-parallel to nucleon spin



Parton model

Spin dependent scattering

probability to find quark “q” with spin
aligned vs. antialigned with nucleon spin

g1(x, Q2) =
1
2

∑

q

e2
q ∆q(x, Q2)

∆q = q↑⇑ − q↓⇑

gives total spin of nucleon carried by quarks

∆Σ = ∆u + ∆d + ∆s



Spin sum rule

Spin dependent scattering

1
2

=
1
2
∆Σ + ∆G + Lq + Lg
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spin carried
by gluons

q and    orbital
angular momentum

g



Spin sum rule

Spin dependent scattering

1
2

=
1
2
∆Σ + ∆G + Lq + Lg

spin carried
by gluons

q and    orbital
angular momentum

g

naive (nonrelativistic) expectation: ∆Σ ∼ 1

∆Σ ∼ 0early experiments: “proton spin crisis”

latest data: ∆Σ ∼ 0.3 (RGI scheme)

where is the proton spin?



HERMES proton + JLab neutron data
on deeply virtual Compton scattering

Ju ∼ 0.4± 0.2
Jd ∼ 0.1± 0.2

STAR (RHIC) data on p p     jets

arXiv:0901:4061 [hep-ex]

“statistically consistent with zero”

∆g ≈ 0

“model-dependent extraction”



determined over large range of x and Q 2

Parton distributions functions

PDFs extracted in global analyses of structure function 
data from electron, muon & neutrino scattering
(also from Drell-Yan & W-boson production in hadronic collisions)

provide basic information on structure of QCD bound states

needed to understand backgrounds in searches for
physics beyond the Standard Model in high-energy colliders

e.g. neutrino oscillations



     structure of hadron
or structure of probe?

virtual “sea” of
qq  pairs & gluons 

at small x 

_

recent parameterization



0 0.2 0.4 0.6 0.8 1
0

0.2

0.4
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s

g/15

 

u

v

!
x 

f 
(x

,Q
)

Q2
= 25 GeV

2

valence quarks

p

u

u

d

sea quarks & gluons

p

u

u

d

g q = u, d, s...

q̄ = ū, d̄, s̄...



Quark distributions
valence quarks



Valence quarks

Nucleon structure at intermediate & large x
dominated by valence quarks

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

x

v

d

u

d

!

s

g/15

 

u

v

!

x 
f 

(x
,Q

)

Most direct connection between quark distributions
and models of the nucleon is through valence quarks 

valence quarks
dominate at

large x 



Valence quarks

At large x,  valence u and d distributions extracted
from p and n structure functions

F
p

2
≈

4

9
uv +

1

9
dv

F
n

2 ≈

4

9
dv +

1

9
uv



Valence quarks

At large x,  valence u and d distributions extracted
from p and n structure functions

F
p

2
≈

4

9
uv +

1

9
dv

F
n

2 ≈

4

9
dv +

1

9
uv

u quark distribution well determined from p

d

u
≈

4 − Fn

2 /F p

2

4Fn

2
/F p

2
− 1

d quark distribution requires n structure function



Ratio of d to u quark distributions particularly
sensitive to quark dynamics in nucleon

SU(6) spin-flavor symmetry

proton wave function

p↑ = −

1

3
d↑(uu)1 −

√

2

3
d↓(uu)1

+

√

2

6
u
↑(ud)1 −

1

3
u
↓(ud)1 +

1
√

2
u
↑(ud)0

interacting
quark spectator

diquark

diquark spin
(τ = 2)

(a) (b) (c)

τ = 2

single quark
scattering

τ > 2

qq and qg
correlations

Higher twists

(a) (b) (c)

τ = 2

single quark
scattering

τ > 2

qq and qg
correlations

Higher twists

Valence quarks



Ratio of d to u quark distributions particularly
sensitive to quark dynamics in nucleon

SU(6) spin-flavor symmetry

proton wave function

p↑ = −

1

3
d↑(uu)1 −

√

2

3
d↓(uu)1

+

√

2

6
u
↑(ud)1 −

1

3
u
↓(ud)1 +

1
√

2
u
↑(ud)0

for all xu(x) = 2 d(x)

Fn

2

F
p

2

=
2

3

Valence quarks



scalar diquark dominance

=⇒
.

.

has larger energy thanM∆ > MN =⇒ (qq)1 (qq)0

scalar diquark dominant in            limitx → 1=⇒
.

.

Valence quarks



scalar diquark dominance

=⇒
.

.

has larger energy thanM∆ > MN =⇒ (qq)1 (qq)0

scalar diquark dominant in            limitx → 1=⇒
.

.

since only u quarks couple to scalar diquarks

Fn

2

F
p

2

→

1

4

d

u
→ 0

Feynman 1972,  Close 1973,  Close/Thomas 1988

Valence quarks



hard gluon exchange

=⇒
.

.

at large x, helicity of struck quark = helicity of hadron 

q
↑

! q
↓

Valence quarks



hard gluon exchange

=⇒
.

.

at large x, helicity of struck quark = helicity of hadron 

q
↑

! q
↓

helicity-zero diquark dominant in            limitx → 1=⇒
.

.

d

u
→

1

5

Fn

2

F
p

2

→

3

7 Farrar, Jackson 1975

Valence quarks



SU(6) symmetry Ap

1
=

5

9
, An

1 = 0

∆u

u
=

2

3
,

∆d

d
= −

1

3

Polarized valence quarks



SU(6) symmetry Ap
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Polarized valence quarks
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u
→ 1 ,

∆d

d
→ −

1

3

scalar diquark 
dominance



SU(6) symmetry Ap

1
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5

9
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u
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3
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d
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Polarized valence quarks

Ap

1
→ 1 , An

1 → 1

∆u

u
→ 1 ,

∆d

d
→ 1

hard gluon
exchange

Ap

1
→ 1 , An

1 → 1

∆u

u
→ 1 ,

∆d

d
→ −

1

3

scalar diquark 
dominance



No  FREE  neutron targets
(neutron half-life ~ 12 mins)                                            

use deuteron as ‘‘effective” neutron target

BUT  deuteron is a nucleus,  and F d
2 != F

p
2

+ F
n
2

nuclear effects (nuclear binding, Fermi motion, shadowing)
obscure neutron structure information                                                           

“nuclear EMC effect”



Quark distributions
nuclear effects



Nuclear ‘‘EMC effect’’

FA
2 (x, Q2) != AFN

2 (x, Q2)

Aubert et al., Phys. Lett. B 123, 123 (1983)

1258 P R Norton

3. The discovery of the effect

As part of a comprehensive study of muon scattering, the European Muon Collaboration
measured structure functions on hydrogen, deuterium and iron targets. The purpose of using
iron was to increase the experimental luminosity, providing more precise measurement of
structure functions at high Q2 and allowing the study of rarer processes such as charm
production.

When the iron and deuterium structure functions F2 per nucleon were compared, the ratio
of the cross-sections was not unity (Aubert et al 1983b). The ratios depended upon x, although
at fixed x there was no evidence for a Q2 dependence. Hence the ratios were averaged over
Q2, and showed the dependence on x depicted in figure 4, which is very slightly different from
the original publication. The range of Q2 varied with x: 8 < Q2 < 20 GeV2 for x = 0.05–
35 < Q2 < 200 GeV2 for x = 0.65. There are many points to be made concerning the
experimental ratios:

(i) There was an overall normalization uncertainty of 7% in the ratio F Fe
2 /F D

2 .
(ii) The error bars show an inner bar of statistical errors, and an outer bar representing all the

estimated systematic errors combined in quadrature.
(iii) The iron data were corrected for the neutron excess in iron using the ratio Fn

2 /F
p
2 measured

by EMC (Aubert et al 1983a). The correction was negligible at small x and amounted to
only 2.3% at x=0.65.

(iv) No attempt was made to correct the iron or deuterium data for Fermi motion of the nucleons
in the nucleus. The effect is not expected to cancel because of the larger Fermi momentum
in iron, but predictions for the correction (Bodek and Ritchie 1981), as shown by the solid
line in figure 4, clearly do not explain the difference.

(v) It was assumed in evaluating F2 that R was zero. This was consistent with the
measurements made by EMC on iron (Aubert et al 1986) and hydrogen (Aubert et al

Figure 4. The final published EMC measurement of the structure function ratio (from Aubert et al
(1987)), which differs slightly from the original data (Aubert et al 1983b) chiefly in a normalization
change of around 3% (reproduced with permission from Elsevier).

Original EMC data The EMC effect 1261

Figure 6. Cross-section ratios compared with deuterium for SLAC data from Gomez et al (1994)
(!) and Stein et al (1975) updated by Rock and Bosted (2001) (") for Be, Al, Fe and Au. Data
were also taken on He, C, Ca and Ag by Gomez et al.

scattering have to be subtracted, and the effect of Pauli blocking on the quasielastic tail taken
into account.

4.2. Neutrino measurements

Results from many neutrino experiments have been reported. Comparison of structure
functions between heavy nuclei and deuterium or hydrogen all suffer from large statistical
uncertainties because of low event-rates on light targets. Results have been obtained from the
CDHS experiment (Abramowicz et al 1984), the BEBC-TST experiment (Parker et al 1984),
the BEBC experiments WA25 and WA59 (Cooper et al 1984, Guy et al 1987) and the 15 ft
bubble chamber at Fermilab (Ammosov et al 1984, Hanlon et al 1985). The bubble chamber
experiments compared hydrogen or deuterium with neon. While detailed comparisons with
electron and muon data are made difficult because of the limited statistics, the trends are of
an ‘EMC ratio’ somewhat below unity for x < 0.1 (in contradiction with the original EMC
result of Aubert et al (1983b)), a rise above unity for 0.1 < x < 0.3 and a steady fall beyond.
The data are at considerably lower Q2 than EMC, and any differences could conceivably be
attributed to a Q2-dependence of the effect. Nevertheless, there is no Q2-dependence visible in
the neutrino data on ratios of structure functions between neon on the one hand and hydrogen
or deuterium on the other.

As mentioned in section 2, the chief value of neutrino data is in the separation of sea and
valence contributions to the structure functions. The sea enhancement in Fe over H, integrated
over all x, found by CDHS (Abramowicz et al 1984) was 1.10±0.11(stat)±0.07(syst). Little
conclusion can be drawn because of the large errors, but it is clear that a large sea enhancement
is not favoured. The BEBC experiment has attempted to parametrize the sea distribution as a
function of x. The ratio on the sea distribution of neon and deuterium is found to be 0.92±0.05,
assuming RNe = RD and no change in shape of the sea, and 0.88 ± 0.07 if only the former
is assumed (Guy et al 1987). The absence of an enhancement of the sea is independent of

Later SLAC data

Gomez et al., Phys. Rev. D 49, 4348 (1994)
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Fig. 3.1. The structure function ratio FA
2 /F d

2 for 40Ca and 56Fe. The data are taken from NMC
[71], SLAC [72], and BCDMS [73].

Figure 3.1 presents a compilation of data for the structure function ratio FA
2 /F d

2 over
the range 0 ≤ x ≤ 1. Here FA

2 is the structure function per nucleon of a nucleus with
mass number A, and F d

2 refers to deuterium. In the absence of nuclear effects the ratios
FA

2 /F d
2 are thus normalized to one. Neglecting small nuclear effects in the deuteron, F d

2 can
approximately stand for the isospin averaged nucleon structure function, FN

2 . However, the
more detailed analysis must include two-nucleon effects in the deuteron. Several distinct
regions with characteristic nuclear effects can be identified: at x < 0.1 one observes a
systematic reduction of FA

2 /F d
2 , the so-called nuclear shadowing. A small enhancement is

seen at 0.1 < x < 0.2. The dip at 0.3 < x < 0.8 is often referred to as the traditional
“EMC effect”. For x > 0.8 the observed enhancement of the nuclear structure function is
associated with nuclear Fermi motion. Finally, note again that nuclear structure functions
can extend beyond x = 1, the kinematic limit for scattering from free nucleons.

• Shadowing region
Measurements of E665 [76,77,78] at Fermilab and NMC [71,75,79,80,81,82] at CERN
provide detailed and systematic information about the x- and A-dependence of the
structure function ratios FA

2 /F d
2 . Nuclear targets ranging from He to Pb have been

used. A sample of data for several nuclei is shown in Fig.3.2. While most experiments
cover the region x > 10−4, the E665 collaboration provides data for FXe

2 /F d
2 [76] down

to x " 2 · 10−5. Given the kinematic constraints in fixed target experiments, the small
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EMC effect in deuteron

Nuclear  “impulse approximation’’

incoherent scattering 
from individual nucleons
in deuteron

A!"#$k ,q %!i$q2&!"k#"$k2#m2%&!"q#

#2$k!&kq#"#k"&kq#!%%, $8c%

A!"#'$k ,q %!#im$q2g!#g"'"2q#$k!g"'#k"g!'%%.
$8d%

Here k is the interacting quark four-momentum, and m is its

mass. We use the notation &!"kq(&!"#'k
#q'. $The com-

plete forward scattering amplitude would also contain a

crossed photon process which we do not consider here, since

in the subsequent model calculations we focus on valence

quark distributions.% The function H(k ,p) represents the soft
quark-nucleon interaction. Since one is calculating the

imaginary part of the forward scattering amplitude, the inte-

gration over the quark momentum k is constrained by )
functions which put both the scattered quark and the nonin-

teracting spectator system on-mass-shell:

dk̃(
d4k

$2*%4
2*)+$k"q %2#m2,2*)+$p#k %2#mS

2,

$k2#m2%2
,

$9%

where mS
2!(p#k)2 is the invariant mass squared of the

spectator system.

Taking the trace over the quark spin indices we find

Tr+Hr!",!A!"#H
#"A!"#'H

#', $10%

where H# and H#' are vector and tensor coefficients, respec-

tively. The general structure of H# and H#' can be deduced

from the transformation properties of the truncated nucleon

tensor Ĝ!" and the tensors A!"# and A!"#' . Namely, from

A!"#* (k ,q)!A"!#(k ,q) and A!"#( k̃ , q̃)!#A!"#(k ,q), we

have

H#$p ,k %!#PH#$ p̃ , k̃ %P†, $11a%

H#$p ,k %!$TH#$ p̃ , k̃ %T †%*, $11b%

H#$p ,k %!-0H
#†$p ,k %-0 . $11c%

Similarly, since A!"#'* (k ,q)!A"!#'(k ,q) and A
!"#'( k̃ , q̃ )

!A!"#'(k ,q), one finds

H#'$p ,k %!PH#'$ p̃ , k̃ %P†, $12a%

H#'$p ,k %!#$TH#'$ p̃ , k̃ %T†%*, $12b%

H#'$p ,k %!-0H
#'†$p ,k %-0 . $12c%

With these constraints, the tensors H# and H#' can be pro-

jected onto Dirac and Lorentz bases as follows:

H#!p#-5$p” g1"k”g2%"k#-5$p” g3"k”g4%
"i-5./0p

/k0$p#g5"k#g6%"-#-5g7

"i-5./#$p/g8"k/g9%, $13a%

H#'!$p#k'#p'k#%./0p
/k0 f 1"$p#./'#p'./#%

$$p/ f 2"k/ f 3%"$k#./'#k'./#%$p/ f 4"k/ f 5%

".#' f 6"&/0#'p
/k0-5$p” f 7"k” f 8%

"&/0#'-5-
0$p/ f 9"k/ f 10%, $13b%

where the functions g1•••9 and f 1•••10 are scalar functions of
p and k .

Performing the integration over k in Eq. $7% and using
Eqs. $13%, we obtain expressions for the truncated structure
functions G (i) in terms of the nonperturbative coefficient

functions f i and gi . The explicit forms of these are given in

Appendix I. From Eq. $4% we then obtain the leading twist
contributions to the truncated nucleon tensor Ĝ!" . It is im-

portant to note that at leading twist the non-gauge-invariant

contributions to Ĝ!" vanish, so that the expansion in Eq. $4%
is the most general one which is consistent with the gauge

invariance of the hadronic tensor.

III. NUCLEAR STRUCTURE FUNCTIONS

Our discussion of polarized deep-inelastic scattering from

nuclei is restricted to the nuclear impulse approximation, il-

lustrated in Fig. 1. Nuclear effects which go beyond the im-

pulse approximation include final state interactions between

the nuclear debris of the struck nucleon +17,, corrections due
to meson exchange currents +18–20, and nuclear shadowing
$see +21–24, and references therein%. Since we are interested
in the medium- and large-x regions, coherent multiple scat-

tering effects, which lead to nuclear shadowing for x%0.1,
will not be relevant. In addition, it has been argued +6, that
meson exchange currents are less important in polarized

deep-inelastic scattering than in the unpolarized case since

their main contribution comes from pions.

Within the impulse approximation, deep-inelastic scatter-

ing from a polarized nucleus with spin 1/2 or 1 is then de-

scribed as a two-step process, in terms of the virtual photon-

nucleon interaction, parametrized by the truncated

antisymmetric nucleon tensor Ĝ!"(p ,q), and the polarized

nucleon-nucleus scattering amplitude Â(p ,P ,S). The anti-

FIG. 1. DIS from a polarized nucleus in the impulse approxima-

tion. The nucleus, virtual nucleon, and photon momenta are denoted

by P , p , and q , respectively, and S stands for the nuclear spin

vector. The upper blob represents the truncated antisymmetric

nucleon tensor Ĝ!" , while the lower one corresponds to the polar-

ized nucleon-nucleus amplitude Â .
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Wave function dependence only at large |y-1/2|

sensitive to large-p components of wave function
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Off-shell correction
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larger EMC effect (smaller d/N ratio)
with off-shell + binding corrections

FIGURES

FIG. 1. FD
2 /FN

2 ratio as a function of x for the off-shell model of Refs. [4,5] (solid) and the
on-shell model of Ref. [6] (dotted).

In Refs. [4,5] the structure function F N
2 was modeled in terms of relativistic quark–

nucleon vertex functions, which were parametrized by comparing with available data for
the parton distribution functions. The off-shell extrapolation of the γ∗N interaction was
modeled assuming no additional dynamical p2 dependence in the quark–nucleon vertices.
This enabled an estimate of the correction δ(off)F D

2 to be made, which was found to be quite
small, of the order ∼ 1−2% for x <∼ 0.9. The result of the fully off-shell calculation from Ref.
[4] is shown in Fig.1 (solid curve), where the ratio of the total deuteron to nucleon structure
functions (F D

2 /FN
2 ) is plotted. Shown also is the result of an on-mass-shell calculation from

Ref. [6] (dotted curve), which has been used in many previous analyses of the deuteron data
[7,8]. The most striking difference between the curves is the fact that the on-shell ratio has
a very much smaller trough at x ≈ 0.3, and rises faster above unity (at x ≈ 0.5) than the
off-shell curve, which has a deeper trough, at x ≈ 0.6− 0.7, and rises above unity somewhat
later (at x ≈ 0.8).

The behavior of the off-shell curve in Fig.1 is qualitatively similar to that found by
Uchiyama and Saito [9], Kaptari and Umnikov [10], and Braun and Tokarev [11], who also
used off-mass-shell kinematics, but did not include the (small) non-convolution correction
term δ(off)F D

2 . The on-shell calculation [6], on the other hand, was performed in the infinite
momentum frame where the nucleons are on their mass shells and the physical structure
functions can be used in Eq.(1). One problem with this approach is that the deuteron
wave functions in the infinite momentum frame are not explicitly known. In practice one
usually makes use of the ordinary non-relativistic S- and D-state deuteron wave functions

3

with binding
+ off-shell

Fermi motion only

full model
light-cone
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A similar result is also obtained in the treatment of Brodsky et al. [21] (based on
counting-rules), where the large-x behavior of the parton distribution for a quark polar-
ized parallel (∆Sz = 1) or antiparallel (∆Sz = 0) to the proton helicity is given by:
q↑↓(x) = (1 − x)2n−1+∆Sz , where n is the minimum number of non-interacting quarks
(equal to 2 for the valence quark distributions). In the x → 1 limit one therefore predicts:

F n
2

F p
2

→
3

7
,

d

u
→

1

5
[Sz = 0 dominance]. (11)

Note that the d/u ratio does not vanish in this model. Clearly, if one is to understand the dy-
namics of the nucleon’s quark distributions at large x, it is imperative that the consequences
of these models be tested experimentally.

The reanalyzed SLAC [7,22] data points themselves are plotted in Fig.3, at an average
value of Q2 ≈ 12 GeV2. The very small error bars are testimony to the quality of the SLAC p
and D data. The data represented by the open circles have been extracted with the on-shell
deuteron model of Ref. [6], while the filled circles were obtained using the off-shell model of
Refs. [4,5]. Most importantly, the F n

2 /F p
2 points obtained with the off-shell method appear

to approach a value broadly consistent with the Farrar-Jackson [20] and Brodsky et al. [21]
prediction of 3/7, whereas the data previously analyzed in terms of the on-shell formalism
produced a ratio that tended to the lower value of 1/4.

FIG. 3. Deconvoluted Fn
2 /F p

2 ratio extracted from the SLAC p and D data [7,22], at an average

value of Q2 ≈ 12 GeV2, assuming no off-shell effects (open circles), and including off-shell effects
(full circles).

The d/u ratio, shown in Fig.4, is obtained by inverting F n
2 /F p

2 in the valence quark
dominated region. The points extracted using the off-shell formalism (solid circles) are

7
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world data. For x > 0.4, the precision of An
1 data has been

improved by about an order of magnitude. This is the first

experimental evidence that An
1 becomes positive at large x.

Among all model-based calculations [3, 6, 10, 11, 20, 22], the

trend of our data is consistent with the RCQM predictions [6]

which suggest that An
1 becomes increasingly positive at even

higher x. However they do not agree with the BBS [10] and
LSS(BBS) [11] parameterizations in which HHC is imposed.

Our data are in good agreement with the LSS 2001 pQCD fit

to previous data [21] and a global NLO QCD analysis of DIS

data using a statistical picture of the nucleon [23].

Assuming the strange quark distributions s(x), s̄(x),∆s(x)
and∆s̄(x) to be negligible in the region x > 0.3, and ignoring
any Q2 dependence, one can extract polarized quark distribu-

tion functions based on the quark-parton model as

∆u + ∆ū

u + ū
=

4

15

gp
1

F p
1

(4 + R
du) −

1

15

gn
1

Fn
1

(1 + 4Rdu) ;

∆d + ∆d̄

d + d̄
=

4

15

gn
1

Fn
1

(4 +
1

Rdu
) −

1

15

gp
1

F p
1

(1 +
4

Rdu
) ,

where Rdu = (d + d̄)/(u + ū). We performed a fit to the
world gp

1/F p
1 data [30] and used Rdu extracted from pro-

ton and deuteron structure function data [40]. Results for

TABLE II: Results for the polarized quark distributions. The three

errors are those due to the gn
1 /F n

1 statistical error, g
n
1 /F n

1 systematic

error and the uncertainties of gp
1/F p

1 and R
du fits.

x (∆u + ∆ū)/(u + ū) (∆d + ∆d̄)/(d + d̄)

0.33 0.565 ± 0.005+0.002
−0.002

+0.025
−0.026 −0.274 ± 0.032+0.013

−0.013
+0.010
−0.018

0.47 0.664 ± 0.007+0.002
−0.002

+0.060
−0.060 −0.291 ± 0.057+0.018

−0.018
+0.032
−0.034

0.60 0.737 ± 0.007+0.003
−0.003

+0.116
−0.116 −0.324 ± 0.083+0.031

−0.031
+0.085
−0.089

(∆u + ∆ū)/(u + ū) and (∆d + ∆d̄)/(d + d̄) extracted from
our gn

1 /Fn
1 data are listed in Table II.

Figure 2 shows our results along with HERMES data [41].

The dark-shaded error band is the uncertainty due to ne-

glecting the strangeness contributions. To compare with

the RCQM prediction which is given for valence quarks,

the difference between ∆qV /qV and (∆q + ∆q̄)/(q + q̄)
was estimated and is shown as the light-shaded band. Here

qV (∆qV ) is the unpolarized (polarized) valence quark dis-

tribution for u or d quark. Both errors were estimated us-
ing the CTEQ6M [42] and MRST2001 [43] unpolarized par-

ton distribution functions and the positivity conditions that

|∆q/q| ! 1, |∆q̄/q̄| ! 1 and |∆qV /qV | ! 1. Results shown
in Fig. 2 agree well with the predictions from RCQM [6]

and LSS 2001 NLO polarized parton densities [21]. The re-

sults agree reasonably well with the statistical model calcula-

tion [23] but do not agree with the predictions from LSS(BBS)

parameterization [11] based on hadron helicity conservation.

In summary, we have obtained precise data on the neutron

spin asymmetry An
1 and the structure function ratio gn

1 /Fn
1

in the deep inelastic region at large x. Our data show a

(!
u

 +
 !

u
)/

(u
 +

 u
)

(!
d

 +
 !

d
)/

(d
 +

 d
)

1

0.5

0

0.5

"0.5

0

1 This work
HERMES

x
0 0.2 0.4 0.6 0.8 1

RCQM(!qv/qv)

LSS2001

Statistical

LSS(BBS)

[41]

[6]

[21]
[23]
[11]

FIG. 2: Results for (∆u + ∆ū)/(u + ū) and (∆d + ∆d̄)/(d + d̄) in
the quark-parton model, compared with HERMES data [41], the

RCQM predictions [6], predictions from LSS 2001 NLO polarized

parton densities [21], the statistical model [23], and pQCD-based

predictions incorporating HHC [11]. The error bars of our data in-

clude the uncertainties given in Table II. The dark-shaded error band

on the horizontal axis shows the uncertainty in the data due to ne-

glecting s and s̄ contributions. The light-shaded band shows the dif-
ference between ∆qV /qV and (∆q + ∆q̄)/(q + q̄) that needs to be
applied to the data when comparing with the RCQM calculation.

clear trend that An
1 becomes positive at large x. Combined

with the world proton data, the polarized quark distributions

(∆u + ∆ū)/(u + ū) and (∆d + ∆d̄)/(d + d̄) were extracted.
Our results agree with the LSS 2001 pQCD fit to the previous

data and the trend agrees with the hyperfine-perturbedRCQM

predictions. The new data do not agree with the prediction

from pQCD-based hadron helicity conservation, which sug-

gests that effects beyond leading order pQCD, such as the

quark orbital angular momentum may play an important role

in this kinematic region. Extension of precision measure-

ments of An
1 to higher x and wider Q2 range is planned with

the future JLab 12 GeV energy upgrade.
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world data. For x > 0.4, the precision of An
1 data has been

improved by about an order of magnitude. This is the first

experimental evidence that An
1 becomes positive at large x.

Among all model-based calculations [3, 6, 10, 11, 20, 22], the

trend of our data is consistent with the RCQM predictions [6]

which suggest that An
1 becomes increasingly positive at even

higher x. However they do not agree with the BBS [10] and
LSS(BBS) [11] parameterizations in which HHC is imposed.

Our data are in good agreement with the LSS 2001 pQCD fit

to previous data [21] and a global NLO QCD analysis of DIS

data using a statistical picture of the nucleon [23].

Assuming the strange quark distributions s(x), s̄(x),∆s(x)
and∆s̄(x) to be negligible in the region x > 0.3, and ignoring
any Q2 dependence, one can extract polarized quark distribu-

tion functions based on the quark-parton model as

∆u + ∆ū

u + ū
=

4

15

gp
1

F p
1

(4 + R
du) −

1

15

gn
1

Fn
1

(1 + 4Rdu) ;

∆d + ∆d̄

d + d̄
=

4

15

gn
1

Fn
1

(4 +
1

Rdu
) −

1

15

gp
1

F p
1

(1 +
4

Rdu
) ,

where Rdu = (d + d̄)/(u + ū). We performed a fit to the
world gp

1/F p
1 data [30] and used Rdu extracted from pro-

ton and deuteron structure function data [40]. Results for

TABLE II: Results for the polarized quark distributions. The three

errors are those due to the gn
1 /F n

1 statistical error, g
n
1 /F n

1 systematic

error and the uncertainties of gp
1/F p

1 and R
du fits.

x (∆u + ∆ū)/(u + ū) (∆d + ∆d̄)/(d + d̄)

0.33 0.565 ± 0.005+0.002
−0.002

+0.025
−0.026 −0.274 ± 0.032+0.013

−0.013
+0.010
−0.018

0.47 0.664 ± 0.007+0.002
−0.002

+0.060
−0.060 −0.291 ± 0.057+0.018

−0.018
+0.032
−0.034

0.60 0.737 ± 0.007+0.003
−0.003

+0.116
−0.116 −0.324 ± 0.083+0.031

−0.031
+0.085
−0.089

(∆u + ∆ū)/(u + ū) and (∆d + ∆d̄)/(d + d̄) extracted from
our gn

1 /Fn
1 data are listed in Table II.

Figure 2 shows our results along with HERMES data [41].

The dark-shaded error band is the uncertainty due to ne-

glecting the strangeness contributions. To compare with

the RCQM prediction which is given for valence quarks,

the difference between ∆qV /qV and (∆q + ∆q̄)/(q + q̄)
was estimated and is shown as the light-shaded band. Here

qV (∆qV ) is the unpolarized (polarized) valence quark dis-

tribution for u or d quark. Both errors were estimated us-
ing the CTEQ6M [42] and MRST2001 [43] unpolarized par-

ton distribution functions and the positivity conditions that

|∆q/q| ! 1, |∆q̄/q̄| ! 1 and |∆qV /qV | ! 1. Results shown
in Fig. 2 agree well with the predictions from RCQM [6]

and LSS 2001 NLO polarized parton densities [21]. The re-

sults agree reasonably well with the statistical model calcula-

tion [23] but do not agree with the predictions from LSS(BBS)

parameterization [11] based on hadron helicity conservation.

In summary, we have obtained precise data on the neutron

spin asymmetry An
1 and the structure function ratio gn

1 /Fn
1

in the deep inelastic region at large x. Our data show a

(!
u

 +
 !

u
)/

(u
 +

 u
)

(!
d

 +
 !

d
)/

(d
 +

 d
)

1

0.5

0

0.5

"0.5

0

1 This work
HERMES

x
0 0.2 0.4 0.6 0.8 1

RCQM(!qv/qv)

LSS2001

Statistical

LSS(BBS)

[41]

[6]

[21]
[23]
[11]

FIG. 2: Results for (∆u + ∆ū)/(u + ū) and (∆d + ∆d̄)/(d + d̄) in
the quark-parton model, compared with HERMES data [41], the

RCQM predictions [6], predictions from LSS 2001 NLO polarized

parton densities [21], the statistical model [23], and pQCD-based

predictions incorporating HHC [11]. The error bars of our data in-

clude the uncertainties given in Table II. The dark-shaded error band

on the horizontal axis shows the uncertainty in the data due to ne-

glecting s and s̄ contributions. The light-shaded band shows the dif-
ference between ∆qV /qV and (∆q + ∆q̄)/(q + q̄) that needs to be
applied to the data when comparing with the RCQM calculation.

clear trend that An
1 becomes positive at large x. Combined

with the world proton data, the polarized quark distributions

(∆u + ∆ū)/(u + ū) and (∆d + ∆d̄)/(d + d̄) were extracted.
Our results agree with the LSS 2001 pQCD fit to the previous

data and the trend agrees with the hyperfine-perturbedRCQM

predictions. The new data do not agree with the prediction

from pQCD-based hadron helicity conservation, which sug-

gests that effects beyond leading order pQCD, such as the

quark orbital angular momentum may play an important role

in this kinematic region. Extension of precision measure-

ments of An
1 to higher x and wider Q2 range is planned with

the future JLab 12 GeV energy upgrade.
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Summary

Electron scattering

d quark properties unknown at large x

nuclear corrections in deuteron important
(deuteron is a nucleus!)

Valence quarks at large x

clean probe of quark structure of nucleon

long-standing puzzles about            behavior
of valence quarks will soon be solved!

x→ 1

new era of experiments with unprecedented precision


